In eukaryotic cells translation initiation occurs through two alternative mechanisms, a capdependent operating in the majority of mRNAs, and a 5'-end-independent driven by internal ribosome entry site (IRES) elements, specific for a subset of mRNAs. IRES elements recruit the translation machinery to an internal position in the mRNA through a mechanism involving the IRES structure and several trans-acting factors. Here, we identified Gemin5 protein bound to the foot-and-mouth disease virus (FMDV) and hepatitis C virus (HCV) IRES using two independent approaches, riboproteomic analysis and immunoprecipitation of photocroslinked factors. Functional analysis performed in Gemin5 shRNA-depleted cells, or in in vitro translation reactions, revealed an unanticipated role of Gemin5 in translation control as a down-regulator of cap-dependent and IRES-driven translation initiation. Consistent with this, pull-down assays showed that Gemin5 forms part of two distinct complexes, a specific IRES-ribonucleoprotein complex and an IRES-independent protein complex containing eIF4E. Thus, beyond its role in snRNPs biogenesis, Gemin5 also functions as a modulator of translation activity.
INTRODUCTION
Translational control constitutes a major step in gene expression regulation. Initiation of translation in eukaryotes is the rate-limiting step of protein synthesis and involves a set of specialized proteins known as initiation factors (eIFs) that recruit the small ribosome subunit to the m 7 GTP residue (or cap), located at the 5 0 -end of most mRNAs (1) . The cap-dependent initiation complex scans along the 5 0 untranslated regions (UTR) until an AUG codon placed in the appropriate context is recognized by the translation machinery to start protein synthesis (2) . Not surprisingly, the 5 0 UTR of mRNAs, in concerted action with the 3 0 UTR, play a key role in this process serving as platforms for the formation of macromolecular complexes controlling translation initiation.
In contrast to the general cap-dependent mechanism of translation initiation, some cytoplasmic RNA viruses, such as picornaviruses, initiate translation internally (3, 4) , independently of the 5 0 -end and bypassing stable RNA structures present on their 5
0 UTRs and proteins bound to it. Internal initiation of translation in eukaryotic cells is mediated by cis-acting RNA structures termed internal ribosome entry site (IRES) elements that recruit the translational machinery to an internal position in the mRNA of some viruses (5) and a specific subset of cellular mRNAs (6, 7) . However, because of the lack of conservation at the level of primary sequence, RNA structure and transacting factor requirements, the general principles governing internal initiation of translation are still poorly understood.
Picornavirus IRES activity relies on the interaction with cellular proteins including translation eIFs and IRES trans-acting factors (ITAFs) (8) . Hepatitis C virus (HCV) RNA also initiates translation using a cap-independent mechanism (9, 10) . Despite performing a similar function, HCV and picornavirus IRES elements differ in primary sequence, RNA structure and ITAFs requirement (11) .
Most ITAFs are RNA-binding proteins that regulate RNA life-spam as part of macromolecular complexes operating either in the nucleus or in the cytoplasm of the cell (12) . Some of these factors travel with the RNA and are responsible for the establishment and regulation of complex RNA-protein networks that determine the fate of the target mRNA (13) .
To gain insights into the mechanism of internal translation initiation, we compared the proteins associated with two unrelated viral IRES elements. We report that two ITAFs with an apparent mobility of 170 kDa correspond to eIF3a and Gemin5. The interaction with foot-andmouth disease virus (FMDV) and HCV IRES elements is direct and sequence-specific. We also found that Gemin5 forms an RNA-independent protein complex with eIF4E. Functional analysis addressing the role of Gemin5 showed that this IRES-binding factor downregulated IRES activity. Furthermore, Gemin5 also negatively affected cap-dependent initiation, suggesting that this protein acts as a general down-regulator of translation.
MATERIALS AND METHODS

Constructs
Plasmids expressing different domains of FMDV and HCV IRES elements have been already described (14) .
The dicistronic constructs CMVpBIC and CMVp156, bearing either the FMDV or the HCV IRES upstream of the luciferase coding region, were constructed by transferring the MluI-blunt NotI fragment from pBIC-AvrIINot (15) into the NheI-blunt NotI pCDNA3 vector.
The Gemin5 (pSUPER-GFP-Gemin5) or the polypyrimidine (PTB) silencing plasmids (pSUPER-GFP-PTB) [target sequences GCAUAGUGGUGAUAAUUGA (16) or AACTTCCATCATTCCAGAGAA (17), respectively], were generated according to the manufacturer instructions (OligoEngine). The control shRNA expressed from pSUPER-GFP-TM (18) (target sequence AATTCT CCGAACGTGTCACGT) had no homology to any mammalian gene.
RNA synthesis
T7 transcription was performed at 378C for 1 h using the Megashortscript kit (Ambion) as recommended by the manufacturer. When needed, transcripts were uniformly labeled using a 32 P-CTP (400 Ci/mmol). DNA template was digested with 1 U of RQ1 DNase (Promega) and unincorporated a 32 P-CTP eliminated by exclusion chromatography (19) . RNA was extracted with phenol-chloroform, ethanol precipitated and resuspended in TE to a concentration of 0.03 pmol/ml ($4 Â 10 5 cpm/ml). RNA integrity was examined in 6% acrylamide 7 M urea denaturing gel electrophoresis (20) .
Bicistronic RNAs of the form cloranfenicol acetyl transferase (CAT)-IRES-luciferase (LUC) corresponding to the FMDV or the HCV IRES were produced in vitro as described (21, 22) .
RNA affinity
Transcripts (2.5 mg) encompassing domain 5 (d5), domain 3 (d3), the entire IRES of FMDV, or domain III (dIII) of HCV IRES, with extension of 15 adenines at their 3 0 -end were incubated with oligo-dT dynabeads (Dynal) in binding buffer (25 ml) [10 mM Tris (pH 7.5), 100 mM KCl, 2 mM MgCl 2 ], at 48C for 30 min on a rotating wheel as described (23) . Unbound RNA was removed and the beads-RNA complex washed twice with binding buffer. The beads-RNA complexes were then incubated with protein extracts in the presence of unspecific RNA competitor, at 48C for 1 h. Unbound proteins were eliminated by washing with binding buffer, followed by two washes with 10 mM Tris (pH 7.5), 100 mM KCl, 0.5 mM MgCl 2 . The retained products were then fractionated in SDS-PAGE, and the bands of interest processed for mass spectrometry analysis.
In gel digestion and mass spectrometry
To prepare samples for ESI-Q-TOF, slices from Coomassie blue stained gels were subjected to in-gel digestion (24) using a ProGest Investigator robot (Genomic Solutions, Ann Arbor, MI). Peptides were separated using an UltiMate nanoLC (LC Packings, Amsterdam) equipped with a PepMap C18 trap and column. The eluent was sprayed into a Q-Star Pulsar XL tandem mass spectrometer (Applied Biosystems, Foster City, CA). The MS/MS data file generated was analyzed using the Mascot search engine against MSDB. In all the cases analyzed, the experimental Mr values were in good agreement with the theoretical values for identified proteins. Sequence, score Mascot and M/H + of matched peptides are given in Supplementary Tables S1 and S2.
RNA-protein photocrosslinking
For cell extract preparation, BHK-21, MDBK, IBRS-2, HeLa, or HEK293T cells were grown to 100% confluence in 10 cm dishes in 5% calf serum supplemented DMEM, washed twice with cold phosphate buffer saline (PBS), scraped, collected by centrifugation and processed as described (25) . Uniformly radiolabeled probes (0.03 pmol, $4 Â 10 5 cpm) were incubated with S10 cell extracts (40 mg protein) and UV-irradiated as described (14) . To increase the specificity of binding in the UV-crosslinking assay, yeast tRNA (1 mg/ml, $100-fold molar excess) or 10-1000-fold molar excess of total cytoplasmic RNA was added to the reaction. Following RNase treatment, samples were subjected to SDS-PAGE and 32 P-labeled proteins were visualized by autoradiography of dried gels.
Immunodetection
Immunoprecipitation of RNA-protein complexes was performed using antibodies recognizing eIF3, PTB, PABP1, Gemin5, DHX9 or PA2G4 (14, 17, 18, (26) (27) (28) (29) . Antibodies recognizing Gemin5 (Santa Cruz), hnRNP U (Immuquest), eIF4E (BD Transduction Laboratories), tubulin (Sigma), and appropriate peroxidase conjugated secondary antibodies (Pierce) were used according to the manufacturer instructions.
HEK293T or HeLa cell extracts, photocrosslinked with the indicated RNAs, were subjected to m 7 GTP-sepharose (Sigma) chromatography, using 10 ml of resin at 48C for 1 h. Unbound proteins were eliminated by five washes with RIPA buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1% NaDOC], and once with TBS [20 mM Tris-HCl (pH 7.5), 140 mM NaCl]. Proteins retained in the resin were analyzed in SDS-PAGE followed by Western blotting.
RNA interference
For gene silencing, HEK293T cells were transfected with pSUPER-GFP-Gemin5, pSUPER-GFP-PTB or pSUPER-GFP-TM. In parallel to verification of protein depletion by Western blot, the effect of protein depletion on IRES activity was assessed by cotransfecting CMVpBIC (FMDV IRES) or CMVp156 (HCV IRES) plasmids together with the shRNA expressing constructs. Relative IRES activity of bicistronic mRNAs expressed from the CMV promoter was quantified as the expression of luciferase (Luc) normalized to cloranfenicol acetyltransferase (CAT), as described (30) . Each experiment was repeated at least three times.
The relative amounts of reporter bicistronic RNAs present in shRNA transfected cells were measured by real time RT-PCR using oligonucleotides specific for the FMDV IRES (5 0 -GCCTGTCACCAGTGTGTGGGTACCAG-3 0 and 5 0 -GGGGTAACACTGAATTCTGTGTTTGGCTC CACG-3 0 ) or the HCV IRES (5 0 -CGGCGAAGCTTGT TACGTTTGGTTTTTC-3 0 and 5 0 -CCAGGAATTCCTC CCGGGATGCCTGATAG-3 0 ), respectively. Total RNA from cytoplasmic extracts was extracted using the Tripure reagent (Roche) and RT-PCR was carried out with the SuperScriptII RT (Invitrogen) using 50 ng of RNA as template and the reporter specific primer pBICas (5 0 -GGCCTTTCTTTATGTTTTTGGCG-3 0 ) (30) . The LightCycler system with the FastStart DNA Master Green I (Roche) was used. The data were generated from duplicates of three independent experiments.
In vitro translation
Gemin5 transcript synthesized in vitro (300 ng) was translated in 70% rabbit reticulocyte lysate (RRL) (Promega) supplemented with 10 mCi of 35 S-methionine 20 min prior to addition of either of the bicistronic RNA (200 ng) bearing the FMDV or HCV IRES as described (21) .
RESULTS
Identification of novel IRES transacting factors
To identify new ITAFs and seek for similarities or differences in IRES function, we conducted a proteomic analysis of complexes formed on IRES sequences from two RNA viruses, FMDV and HCV (11) . In the case of FMDV IRES, we focused our attention on domain 5 (d5), which in contrast to a control RNA, specifically associated with many of the proteins detected with the entire IRES ( Figure 1A and Supplementary Figure S1A ). FMDV d5 consists of a stem-loop followed by an unpaired region upstream of the first start codon of the viral RNA (31,32) (Supplementary Figure S1B) . Likewise, domain III (dIII) of the HCV IRES (Supplementary Figure S1C) was used in this study, as it is involved in the interaction with eIF3 and the 40S ribosomal subunit (10) . Figure 1A shows the pattern of high molecular weight proteins bound to either FMDV d5 or HCV dIII transcripts in RNA affinity pull-down assays. The sequence of the polypeptides present in the 170A/B kDa doublet obtained by ESI-Q-TOF revealed that these two bands correspond to the eIF3a subunit of eIF3 (170A, Supplementary Table S1 and Figure 1B ) and Gemin5 (170B, Figure 1C and Supplementary Table S2) . Identification of eIF3a is consistent with the role of eIF3 in the assembly of the 48S initiation complex on HCV IRES (9) , as well as with the direct interaction of the eIF3b/c subunit (p116/110) to HCV IRES domain III (14) . Gemin5 is the RNA-binding factor of the survival motor neuron (SMN) complex (16) . This complex assembles the Sm proteins on small nuclear RNAs (snRNAs) and plays a critical role in the biogenesis of small nuclear ribonucleoproteins (snRNP), the essential components of the mRNA splicing machinery (33) 
p170A/B are ubiquitous polypeptides that bind directly to IRES elements
The RNA affinity method described in Figure 1A does not reveal which of the proteins pulled-down directly interacts with the RNA. To address this, we performed photocrosslinking assays using 32 P-labeled RNAs incubated with soluble cell extracts, as this method only reveals factors covalently linked to the probe. Three polypeptides interact with FMDV IRES domain 5 in the presence of a large excess of tRNA: p170, p116/110 and p80 (Figure 2A) . Addition of total cytoplasmic RNA (RNAcyt) to the binding mixture increased the intensity of p170 without affecting other factors (Figure 2A) . The p80 and p116/110 polypeptides have been previously identified as eIF4B and eIF3b/c (14) . Thus, in this report we focused on the characterization of the p170 band.
Since FMDV and HCV IRES elements function in several mammalian cell types (34, 35) , we compared the binding of the p170 doublet using cell extracts from various cell lines in the presence of cytoplasmic RNA. While the HCV probe was preferentially crosslinked to the lower p170 band, a more intense crosslink to the upper p170 band was detected with FMDV RNA. In both cases, the p170A/B-IRES crosslink was observed with all cell extracts tested, indicating that this doublet contains ubiquitous proteins able to bind directly to FMDV and HCV IRES elements.
Gemin5 binds directly to IRES elements as a complex with other factors
To verify if the p170 products detected in photocrosslinking studies were the same peptides identified by mass spectrometry, we conducted immunoprecipitation of the proteins crosslinked to radiolabeled RNA probes. Recognition of p170 photocrosslinked to the HCV and FMDV IRES by anti-Gemin5 antibodies confirmed its identity ( Figure 3A) . Strikingly, despite the specific recognition of a single polypeptide in Western blot assays (right panel in Figure 3A ), a p170 doublet bound to both FMDV and HCV IRES probes was coimmunoprecipitated with anti-Gemin5 antibody, together with an additional p120 band ( Figure 3A) . In contrast, and in support of the specificity of the immunoprecipitation observed in Figure 3A , antibodies recognizing other IRES-interacting proteins, such as the poly(A)-binding protein 1 (PABP1) or the proliferation-associated 2G4 (PA2G4), also termed ErbB3-binding protein 1 (EbP1) (23, 36) , failed to coimmunoprecipitate p170 photocrosslinked to these RNAs ( Figure 3B) . A similar result was obtained using anti-PTB or anti-DEAH-box polypeptide 9 (DHX9) antibodies (data not shown).
Confirming the identification of eIF3a in the proteomic analysis, p170 interacting with both FMDV d5 and HCV dIII IRES regions were immunoprecipitated using antieIF3 sera ( Figure 3C ). Note that p170 coimmunoprecipitated with the p116/110 doublet corresponding to eIF3b,c (14) . Lack of p80 detection again verified the specificity of the immunoprecipitation. Interestingly, and similarly to the results obtained with the Gemin5 antibody, a p170 kDa doublet was pull-down with the eIF3 antibody ( Figure 3C ). Collectively, these results indicate that Gemin5 forms part of a protein complex bound to the IRES elements of FMDV and HCV viral RNAs that contain a specific subset of IRES-binding proteins including eIF3a,b,c. 
Gemin5 functions as a down-regulator of translation
To analyze the role of Gemin5 in IRES-driven translation, we used two different experimental approaches. In the first one, we tested the effect of Gemin5 protein in in vitro translation assays programmed with bicistronic RNAs. In the second one, we used gene silencing to test the effect of Gemin5 depletion in the translation efficiency of bicistronic constructs transiently transfected in cells.
Addition of immunoprecipitated Gemin5 protein from BHK-21 cells to the in vitro translation reaction resulted in lower IRES activity ( Figure 4A, upper panels) , regardless of the IRES used to drive luciferase synthesis, FMDV or HCV. In addition, a moderate decrease of cap-dependent CAT synthesis was observed ( Figure 4A, lower panels) . As a control, addition of purified PTB did not induce a decrease in translation efficiency, and as expected (37) , a stimulatory effect on FMDV IRES-driven translation was observed. Furthermore, expression of Gemin5 in reticulocyte lysates prior to the addition of the IRES-containing RNA decreased FMDV and HCV IRES efficiency ( Figure 4B ). Coexpression of an unrelated protein, or addition of a control unrelated protein did not inhibit translation (data not shown). Altogether, our results therefore indicate that Gemin5 is a novel IRES-binding factor that causes a reduction in translation capacity of eukaryotic mRNAs.
Next, to confirm the role of Gemin5 in translation regulation and expand this result to an in vivo system, we measured IRES activity in cells depleted of Gemin5. Transient expression of short hairpins RNA (shRNA) in HEK293T cells led to a 90% decrease in Gemin5 levels ( Figure 5A ). As a positive control, we also expressed shRNA against PTB, a RNA-binding protein required for picornavirus IRES activity (38) .
Compared to cells expressing a negative control shRNA, Gemin5 depletion in cells transfected with a bicistronic plasmid containing FMDV IRES, led to an increase in IRES-dependent luciferase synthesis, as well as capdependent CAT synthesis ( Figure 5B ). This result is fully consistent with the in vitro translation assays shown in Figure 4 . Similar results were obtained in Gemin5 depleted cells expressing a bicistronic plasmid containing the HCV IRES. In contrast, PTB depletion reduced FMDV IRES activity $2-fold ( Figure 5B ), consistent with PTB protein positively influencing FMDV IRES function (37) . As shown in Figure 5C , no differences in the amount of reporter RNAs were detected by real time RT-PCR in Gemin5 shRNA silenced cells relative to that observed in control shRNA cells, discarding an effect of Gemin5 in RNA stability. These results indicate that a reduction in Gemin5 levels favor both cap-dependent and IRES-dependent translation, and therefore argue for a general translation down-regulatory role of Gemin5 in translation.
Gemin5 also forms part of an IRES-independent protein complex
Gemin5 has been reported to interact with the cap-binding factor eIF4E (39) which can be retained on m 7 GTPsepharose resins. In an attempt to gain insights into Gemin5-associated factors, we used m 7 GTP-sepharose to bind eIF4E and thus, eIF4E-interacting proteins. Western blot analysis of the input and pull-down samples demonstrated that the resin was able to retain most of the eIF4E protein present in the extract ( Figure 6A , bottom panel). Immunodetection of Gemin5 revealed its ability to associate with eIF4E, independently of HCV and FMDV RNAs. These samples also contained the heterogeneous nuclear ribonucleoprotein U (hnRNP U), in agreement with previous data showing the association of hnRNPs to the SMN complex (40) . However, the IRES-binding factor PTB (hnRNP I) was not pulled down in these assays ( Figure 6A ). As these samples were treated with RNase A prior to its incubation with the resin, it is likely that this analysis detects protein-protein interactions not mediated by RNA. Conversely, immunoprecipitation of photocrosslinked RNA complexes with anti-hnRNP U serum revealed the presence of both Gemin5 and eIF4E, whereas other IRESbinding proteins e.g. the RNA helicase DHX9 (also known as RHA) (41) were absent ( Figure 6B ). This result indicates that the protein complex analyzed here is different from that associated with the SMN complex, which contains RHA (40) . Our results therefore show that FMDV and HCV IRES sequences form a Gemin5-containing complex together with a specific set of IRES-binding proteins such as eIF3 polypeptides.
Additionally, Gemin5 forms an IRES-independent but eIF4E-dependent complex that also contains hnRNPU. Proteins known to interact with IRES elements, such as PTB or DHX9 are absent in the eIF4E-dependent/Gemin5 complex. Thus, Gemin5 forms part of at least two different macromolecular complexes, beyond the well-described SMN complex.
DISCUSSION
In this study we have identified Gemin5 as a novel IRES-binding factor that contributes to down-regulate translation efficiency. Two independent approaches, riboproteomic analysis and photocrosslinking assays, aided by immunoprecipitation with specific antibodies, led to the identification of a doublet of about 170 kDa as eIF3a and Gemin5 interacting with the IRES element of HCV and FMDV RNA. While identification of eIF3a as an IRES-binding factor confirms previous results (14, 42) , the finding that Gemin5 is an ITAF was unprecedented. Functional analysis involving gene silencing in transfected cells, as well as co-expression or addition of the protein to in vitro translation assays, underscored a novel function of Gemin5 protein in translation control. The higher capdependent and IRES-dependent translation efficiencies in Gemin5-depleted cells, together with the lower efficiency of protein synthesis in vitro upon addition of increasing Gemin5 levels, indicate that Gemin5 acts as a downregulator of translation. It is worth noting that the repressor effect of Gemin5 in mRNA translation, although moderate, has been reproduced in different experimental settings. Furthermore, the magnitude of this effect in transfected cells is comparable to that of a well characterized ITAF whose activity stimulates IRES function, such as PTB (43, 44) . Gemin5 translational down-regulation may become more significant in the context of the highly competitive cytoplasmic environment, a situation that may be further compromised during picornavirus infection (11) . Although studies of this protein during infection await further work, it is interesting that Gemin3, which is the RNA helicase of the SMN complex, has been recently found to be a target of picornavirus proteases (45) .
Proteins acting as translation repressors often recognize 3 0 UTR sequences in their target mRNAs (46) . However, and although rare, IRES-binding proteins acting as inhibitors of translation have recently been reported (47) . Gemin5 is the RNA-binding factor of the SMN complex (16) , which assembles Sm proteins on snRNAs and, thus, plays a critical role in the biogenesis of key components of the mRNA splicing machinery, such as snRNPs (33) . Thus, the role of Gemin5 in translation regulation represents an unanticipated and novel finding. Gemin5 is found mainly in the cell cytoplasm (48) . The excess of free Gemin5 is therefore consistent with a more general role of this protein. In this scenario, Gemin5 may recruit factors to mRNAs and thus, regulate their translation. The presence of WD repeats and a coiled-coil motif in Gemin5 (27) could mediate these interactions. Specifically, the eIF4E-Gemin5 interaction, mediated by a YXXXLØ motif, was recently described (39) .
The binding of Gemin5 to viral IRES elements is unprecedented. Despite the fact that HCV and FMDV viral RNA are never found in the nuclei of infected cells, complexes formed on IRES elements share components with the splicing machinery. Involvement of splicing factors and hnRNPs in internal initiation has been reported for SRp20 (49) , SF2/ASF (50), PTB (hnRNP I) (37, 43) , hnRNP A1 (51), or hnRNP Q (52) . Most of the identified ITAFs are very abundant and shuttle between the nucleus and the cytoplasm.
Collectively, we have shown that Gemin5 acts as a translation regulator, repressing both cap-dependent and IRES-driven translation through two different pathways. The cap-dependent down-regulatory effect of Gemin5 may rely on eIF4E-Gemin5 interaction (39) , possibly resulting in the sequestration of this rate limiting initiation factor. Importantly, we have discovered that Gemin5 directly binds to two different viral IRES elements and form a complex with other IRES-binding proteins, such as eIF3a,b,c and hnRNP U, which may explain its IRESdependent down-regulation ability. Our findings will be instrumental to determine whether Gemin5 also binds and down-regulates translation initiation driven by other IRES elements.
